The capping of a series of cyclodextrins (CDs) by a carbene ligand orients the metal within the respective CD cavity, causing substantial distortion. The resulting shapes are determined on the basis of a unique network of weak interactions (including anagostic) between the cavity and the metal complex by means of both NMR and molecular modeling. The resulting shapes of the various CD derivatives are shown to control the selectivity of the catalytic reactions occurring inside. A series of capped metallo-cyclodextrins were synthesized, affording a variety of artificial chiral metallo-pockets through modulation of the space around the metal. Carbene ligands were used as caps for placing a silver, gold, or copper center at a well-defined location inside the cyclodextrin cavity. Multiple weak interactions involving the d 10 metal center and intra-cavity hydrogen atoms, including anagostic interactions, were observed in solution. Thus, the metal was used as a probe for assessing intra-cavity metal-H distances for building 3D models, revealing the very different shapes of capped a-, b-, and g-cyclodextrins and the helical shape of the chiral pocket of some modified cyclodextrins. This series of N-heterocyclic-carbene-based cyclodextrins were compared in gold-catalyzed cycloisomerization reactions, for which the 3D models were used to rationalize the observed regio-and stereoselectivities.
INTRODUCTION
Encapsulating a metallic center in a cavity with a defined and specific shape is an efficient way to promote selectivity in catalytic processes. This is the strategy that nature uses in metalloenzymes, and it has naturally become a source of inspiration to the chemist. 1, 2 Confinement of the metal has been achieved in many ways, for instance through confining the metal complex in a caged host, in ligand-forming cages, or through covalent binding to a cavity. 3 Most of the time, molecular cavities are cyclic oligomers of identical monomeric rings: aromatic rings, sugars, etc. The atoms of these rings demarcate the upper and lower sides of the cavity. Hence, the metal is placed either outside, in an extension of, or at the edge of the cavity to exploit the inclusion properties of the cavity as a second coordination sphere. Following Breslow's seminal work, 4 cyclodextrins (CDs) have become popular in this area because they provide a system with a well-defined naturally occurring chiral cavity. The association between a CD and a metal has been thoroughly studied, and the mode of metal anchoring can be divided into two categories involving either a single linkage or a bridge to form the so-called capped CDs. 5, 6 The clear advantage of the second mode is the precise positioning of the metal with regard to the cavity. When the ligand system positions the metal in close proximity to the cavity, the latter can play the role of host for an exogenous ligand and can constitute a second coordination sphere. 7 Interesting catalytic behaviors have been observed with the use of metal-capped CDs, such as enantioselectivities, [8] [9] [10] [11] regioselectivities, 8 and extremely high turnover numbers. 12 Notably, in all these examples, the CD rather
The Bigger Picture
Sustainability in chemical processes is a primary challenge for which catalysis is an obvious answer. This requirement is also associated with selectivity in the catalyzed chemical transformations. Hence, inspired by nature, the use of metals associated with molecular cavities as catalysts appears opportune. Here, we show that the capping of cyclodextrins with a carbene ligand positions the metal inside this natural cavity, inducing a large variation in the cavity shape, which in turn is responsible for the selectivity of these catalytic systems. This result provides better understanding of site selectivity en route to more sustainable catalysis.
served as a platform, a chiral environment, or as a bulky ligand to promote unusual coordination modes to the metal, but the effect of the CD cavity shape on the outcome of the reactions was scarcely investigated.
In the course of a study into the appending of N-heterocyclic carbenes (NHCs) on perbenzylated CDs, 13, 14 we serendipitously uncovered a new type of CD-based ligand, an NHC-capped CD ( Figure 1 ). 15 A thorough NMR study of group 11 metal complexes derived from NHC-capped a-CD (a-ICyD), showed that the metal center is literally wrapped inside the cavity, interacting with both H-5s and H-3s, which cover the inner wall of the cavity of the CD. This therefore stands out from the previously described cavity-linked metal complexes inasmuch as the cavity itself interacts with both the metal and its counterion, hence playing the role of both first and second coordination sphere. In addition, in this system, incoming reaction substrates are forced to interact with the cavity to access the metal (endo approach), in contrast with previous metal-capped CDs where an exo approach can take place ( Figure 1 ).
In addition, promising regio-and stereoselectivities were observed in a preliminary set of catalytic reactions. Remarkably, a-and b-CD derivatives promoted the formation of different products with the same starting material, thus showing a strong connection between the selectivity of the reactions and the size of the CD macrocycle. Following this study, we hypothesized that the cavity shape should be crucial for reactivity and potential selectivities. The deformation of the conical shape of the CD has been reported for a metal-capped CD, 16 but its influence on the reactivity of the complex has never been studied. This prompted us to undertake an in-depth structural study of a series of CD-based metal complexes.
Here, we present a broad family of NHC-capped CDs as chiral metallo-pockets and an original ''inverse'' approach to mapping the interior shape of their cavity in solution via NMR. Indeed, the cavity has been used many times as a probe to detect inclusion or ligand exchange in metal-capped CDs; 17 here, we use the metal complex as a probe for the interior structure of the cavity through an original network of rare weak interactions. Consequently, we access a series of 3D models, in which the cavity shapes surrounding the metal are significantly different from each other, and are additionally quite distinct from the simplified classical conic representation of CDs. A comparative study of these NHC-capped CD ligands in gold-catalyzed reactions demonstrates the relevance of these NHC-CD 3D models and the relationship between the shape of the chiral metallo-pockets and the selectivity of the reactions.
RESULTS AND DISCUSSION
We designed a series of 17 NHC-capped a-, b-, and g-CD metal complexes to answer the following questions. What are the main factors influencing selectivity in reactions catalyzed by NHC-capped CD metal complexes? Is it the shape of the cavity surrounding the metal or the electronic properties of the capping ligand? Or both? To what extent can the shape of the CDs be modified? What is the influence of the size of the CD rim on its shape? What is the influence of the length of the capping moiety? What is the influence of the positioning of the cap anchoring on the shape? Figure 2 shows the various modifications introduced on NHC-capped CDs to answer these questions.
A first variation consisted of modulating the size of the rim by using a-, b-, and g-CDs with increasing numbers of glucose units (n = 6, 7, 8) . A very simple and efficient fivestep procedure was used to prepare a, b, g-ICyD metal complexes starting from the corresponding native CDs: (1) benzylation, (2) double debenzylation, In addition, modulation of the length of the cap as well as its electronic properties was accessible by synthesizing an abnormal 22 or mesoionic carbene (MICs), [23] [24] [25] namely triazolylidene-capped a-CD complexes (a-TriCyD)M (M = Ag, Au, Cu). Their synthesis involved an intramolecular copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) 26 of an azido-alkyne derived CD, the synthesis of which is based on recent developments on hetero-functionalizations of CDs 19, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] (see Scheme S3 and Supplemental Experimental Procedures).
NMR Study
We next studied the structure of this family of carbene-capped CD metal complexes by NMR and molecular modeling. In the first instance, we observed a NOESY crosscorrelation between the acidic azolium proton Ha of all the precursors and some inner-cavity protons H-5 symptomatic of an introverted position of this proton (see Figures S1-S6 ). We then carefully characterized all carbene-capped CD complexes also by NMR. As we previously described on a-ICyD metal complexes, the inclusion of the metal inside the cavity induced stronger deshielding of H-5s and H-3s, carpeting the interior of the cavity (Figure 1 ), for (ICyD)MX metal complexes than for the corresponding (ICyD)HCl azoliums devoid of metal (see Figures S7-S15). The chemical shifts of the H-3s and H-5s of all the synthesized silver complexes are reported in Table S1 . A general trend appears: H-5s belonging to glucose units linked to the carbene metal complex are the most deshielded among the H-5s, whereas their H-3s are among the less deshielded in comparison with the other H3s. For the H-3s, a general trend can be drawn depending on the symmetry of the complex, but in a first approximation, the H-3s of the sugars situated clockwise (view from the primary rim) to the cap are the most deshielded (for more details, see the Supplemental Information). Furthermore, benzimidazolylidene complexes BiCyDs display H-5s that are more deshielded than the imidazole-derived ICyDs. The deshielding of the H-5s on g-CDs is notably less important than for their a and b counterparts. We hypothesized that these shifts were related to the position Scheme 1. General Synthetic Scheme of the inner-cavity protons relative to the complex and therefore to the shape of the cavity.
Molecular Modeling of the Shape
In order to understand this relationship to eventually deduce the 3D shape in solution of all our cavities, we first conducted an in-depth study of the structure of (a-ICyD)AgCl complex. We modeled (a-ICyD)AgCl by using density functional theory (DFT) calculations to replace benzyl groups with methyls. These calculations were performed with Turbomole 44 at the B3LYP level [45] [46] [47] complemented by the D3 dispersion scheme 48 and with the def2-SV(P) basis set. 49 We then observed a good correlation between H-5/Ag and H-3/Cl distances measured on this model and the relative chemical shifts of those protons (Table S1 and Figure 5 ): the closer the proton is to Ag or Cl in the model, the more deshielded are the corresponding protons on the NMR spectrum.
For H-3s, the interaction is most certainly a C-H/X type weak hydrogen bonding with the halogen. For H-5s, the situation is different because they interact with a metal; the H-5 A /Ag distance is around 2.5 Å and the C-H5 A -Ag angle is around 140 , which associated with deshielding, are a good indication for anagostic interactions. Anagostic interactions, which differ from the more usual agostic interactions, 50 are thought to be more electrostatic in nature, associated with longer H/M distances and larger C-H-M angles, as well as proton deshielding. 51 We also performed a non-covalent interaction (NCI) analysis 52, 53 and determined that attractive interactions were indeed observed between protons and proximal metal or halogen, with intensities in the same order as the chemical shifts ( Figure 3 ). 59 No anagostic interaction has been reported so far involving Ag I . In the case of one reported NHC ligand, the interaction exists in the presence of Pd II , but when this metal is replaced by Ag I , the ligand changes its conformation and the anagostic interaction is no longer observed. 60 In our case, the pre-organization of the protons in the cavity forces anagostic interactions to take place. Here, the metal undergoes six anagostic interactions in addition to halogen and NHC coordination. Hence, through C-H-5/Ag and C-H-3/Cl interactions, the walls of the cavity play the role of both first and second coordination spheres for the complex. This is a unique feature of the system in comparison with all other metals appended to cavities. Figures S7-S10 and S13). We can correlate this chemical shift variation with the nature of the NHC-metal bond. Bond strengths of group 11 NHC complexes follow the pattern Au > Cu > Ag. The NHC-Au bond is the strongest and the NHC-Ag bond is relatively the weakest. At the same time, the bond length variation for the complexes follow the tendency Au < Cu < Ag, confirmed by both theoretical and single-crystal X-ray diffraction studies [63] [64] [65] and explained by relativistic effects. 66 Finally, we observed that internal protons of (a-BiCyD)AgCl are deshielded by 0.28 ppm in comparison with (a-ICyD)AgCl (see Supplemental Information and Figure S14 ). Benzimidazolylidene is a stronger s-donating and p-accepting ligand than imidazolylidene; 67 it is therefore difficult to predict its effect on the Lewis acidity of the metal. Anagostic interactions through H-5 chemical shift show that it decreases the Lewis acidity of the metal, which therefore implies that it is globally a stronger donor than imidazolylidene. The measure of the Lewis acidity through anagostic interactions complements the numerous techniques already available to measure the electronic properties of NHCs. [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] Therefore, the electron density of the metal influences the chemical shift of H-5s, and reversely, the chemical shifts of H-5 A,D s can be a way to map the interior of the cavity.
Indeed, the mapping of the cavity is possible as a consequence of the direct relation between the chemical shift of the H involved in an anagostic interaction or in a weak hydrogen bonding and its distance to the metal, 55 or to the halogen. Given the size of our systems for DFT calculations, using simple molecular mechanics to build models seems appropriate and practical for all the molecules described here. Thus, we used Avogadro's 77 UFF force field 78 and adjusted the order of the distances to the metal and the halogen according to the order of the observed chemical shifts and then allowed the system to reach a minimum. We then superimposed the model (a-ICyD)AgCl obtained in this manner with the one produced by DFT. As can be seen on Figure 4 , the two models give essentially the same structures, validating our approach.
3D Structure Building of All Metal Complexes
We therefore decided to use the same methodology for all silver complexes. We built the model and minimized the structure for each of them. The distances in the resulting models were then adjusted in Avogadro followed by another minimization until the order of distances of the H-5s and H-3s to the metal and the halogen, respectively, corresponded to the order of the observed chemical shifts. The resulting models are presented in Figure 5 . We used the same optimized structures to build Cu I and Au I complexes with the same linear coordination.
The shapes of the cavities imposed by both the bridging and the metal complex are revealed in Figure 6 by tracing their Connolly surface. At first glance, the conical shape has been substantially altered. All structures present a groove, a consequence of the tilting of sugar units linked by the cap, which is a direct translation of the chemical shifts of the H-5s and H-3s: H-5 closest to the metal and H-3 farthest to the halogen. Remarkably, a-, b-, and g-AD-ICyDs feature asymmetric cavities. For instance, the cavity of the a-ICyD adopts the shape of an M helix resembling a
propeller. This is directly related to the H-3/Cl distances observed by NMR and translated in the model. In the cases of b-and g-AD-ICyDs, the narrow side of the cavity forms a steep wall and the wide side also adopts an M-helical shape. Surprisingly, we can distinguish two structures in which the helicity is a lot less apparent: (a-TriCyD)M and (g-AE-ICyD)M. Apparently a long cap or a large CD does not induce an asymmetrical deformation of the CD cavity. This was rather unexpected, at least for the TriCyD derivative where the cap is unsymmetrical and was expected to yield a more twisted structure ( Figure 6 ).
Can We Connect the CD Shape to Selectivity in Metal-Catalyzed Reactions?
We then sought to validate our mapping of the morphologies of metal NHCcapped CD complexes by comparing the selectivities that each cavity shape induces in catalytic tests. Encapsulation of a gold metal center into a cavity appears interesting because it allows variation of the reactivity in catalysis. [79] [80] [81] [82] [83] [84] Therefore, we anticipated that modularity of the cavity shape should affect the outcomes of the reactions in terms of regio-and stereoselectivity. We previously showed that (a-ICyD)AuCl and (b-ICyD)AuCl were able to catalyze cycloisomerization reactions. 15 The prototypical 1,6-enyne system 1 was initially chosen as a probe.
Here, its cycloisomerization with the synthesized series of AuCl carbene-CD precatalysts, under identical conditions (CH 2 Cl 2 , room temperature, 18 hr) contrasted with findings in the literature 85 and our previous findings. 15 The a-CD environment, regardless of the ancillary carbene ligand (NHC or MIC) on gold(I), resulted in the formation of the usually prevailing cyclopentadienic products 2a and 2b, but the b-CD (2:3, 1:3.3) and, to a lesser extent, g-CDs gave the highest yields of the ''endocyclization'' cyclohexadiene product 3 recorded for gold catalysis in this reaction (Scheme 2). [85] [86] [87] [88] ICyD and BiCyD ligands yielded effectively the same results. This set of reactions clearly demonstrates that it is the variation in the size and therefore the shape of the cavity that influences the outcome of this cycloisomerization reaction and not the electronics of the ligand ( Table 1 ).
The mechanism of the reactions affording either 5-or 6-membered rings was studied in detail, both computationally and experimentally, by Obradors and Echavarren. 89 In both cases, the reaction is believed to involve the formation of a cyclopropylcarbene intermediate such as 4. From 4, a direct pathway involving a skeletal rearrangement of the cyclopropyl affords either cyclopentene derivatives 2 90 or cyclohexene derivative 3. 91 Alternatively, 2 can be produced through a cyclobutenyl intermediate 2 0 (Scheme 2) . 92 This evolution is therefore altered in the confined medium of a-and b-CD derivatives. We therefore probed these mechanisms computationally by DFT modeling (B3LYP-D3/def2-SV(P)) of the cyclopropylcarbene 4 in the case of both a-and b-ICyD. In the case of a-ICyD, the model of complex 4a was found by DFT to spontaneously evolve into an opened Figure S16 ). This pathway is consistent with obtaining the cyclopentene derivatives 2 92 as the major isomer with a-CD-based gold catalyst.
Interestingly, in the case of b-ICyD, we found that complex 4b corresponded to a local minimum, which therefore does not spontaneously evolve, but first gives a gold complex with a rather different conformation than that of the reactive complex obtained with a-ICyD. We next turned our attention to the different transition states TS A and TS B (Scheme 4, L = PMe 3 ), allowing the formation of 3 or 2, respectively, published in the literature. 90, 91 We observed that in the transition state en route to either 6-or 5-membered rings, the bond becoming a double bond is anti-periplanar to the C-Au bond as shown in TS A and TS B , respectively (red bonds in Scheme 4). We therefore assumed that it is a difference in conformation imposed by the confinement of the b-CD that would orient the regioselectivity toward 2 or 3. Hence, we calculated the energies of both conformers A and B (L = b-ICyD, Scheme 4), obtained under constraint, relative to 4b and found that conformer A was more energetically favored than B by 4.08 kcal mol À1 . Thus, we attribute the formation of 3 as the major product with b-ICyD to the easier access to conformation A giving TS A . Furthermore, we incidentally found that the unfavored conformer B led to 4 0 b and therefore that the formation of the minor isomers 2, in the case of b-CD-based catalyst, should preferentially take place via the cyclobutene pathway (Scheme 4 and Figure S17 ). Therefore, the different shapes of a-and b-ICyDs lead to different conformations of intermediate 4 that produce 2 or 3 as a major product.
The wrapping of the gold center into the chiral NHC-capped CD ligand offers an exciting opportunity to perform asymmetric gold catalysis, which still remains very challenging because of the linear coordination of gold(I) complexes. [93] [94] [95] We therefore examined the cycloisomerization of N-tethered enynes 5 96-101 and 6 97, 102 (Scheme 5). Interestingly, a-and b-CD derivatives and the asymmetrically capped g-A,D-CD induced enantiomeric excess (ee) and favored the formation of the same isomer. In striking contrast, the (g-AE-ICyD)AuCl and (a-TriCyD)AuCl precatalysts provided only racemic mixtures with enyne 5, and notably an inversion of enantioselectivity was observed upon reaction of 6 with (g-AE-ICyD)AuCl. The catalysts derived from b-CD provided 7 and 8 with very promising ee values around 60% 0%  77%  28%  45%  10%  79%  4% and 80%, respectively. The more sterically hindered phenyl-substituted alkene 6 resulted in higher ee values. By way of comparison, the best enantioselectivity observed in the metal-catalyzed cycloisomerization of 5 is 88% with rhodium(I) catalysis and 80% for 6 (Scheme 5 and Table 2 ). 97 Although the influence of the nature of a very high final concentration of substrate (0.5 M) (see Figure S20 and Supplemental Experimental Procedures).
We showed that we could rationalize the regioselectivities induced by our system thanks to the size of the cavity, but the role of shape itself was difficult to apprehend.
In the present case of stereoselectivity, the electronic properties of the NHC, again, do not seem to have a significant effect, whereas the nature of the CD and therefore its shape must have. We decided to confront our enantioselective catalytic results with the shapes of the cavities we obtained. The reaction starts with complexation of the triple bond to the electrophilic gold center followed by the nucleophilic addition of the alkene to form the cyclopropane, and the formation of both new stereogenic centers. 103 The enantioselectivity is therefore ruled by the approach of the alkene. Hence, we were able to account for the obtained enantioselectivities of the cycloisomerizations of 5 and 6 by using the shapes that we determined above and simply manually approaching the substrate as in a molecular model. It seems reasonable that the alkyne enters the groove with the alkene folding to overlap with the triple bond. In the case of a-ICyD, because of its C 2 symmetry, there are only two ways to fold for the enyne. In one case, the phenyl of 6 or the methyl of 5 borne by the alkene clashes with the steeper side of the helix or with the lower one. The second approach gives the right stereoisomers (+)-(R,R)-7 and (+)-(R,R)-8; the absolute configuration of the latter was determined using X-ray crystallography ( Figures 7A and 7B and Supplemental Information). The a-CD can be further simplified as a hexagon divided into six triangles, each corresponding to a sugar unit that makes up the CD. These triangles can be colored with a gradient of blue according to the proximity of the sugar unit to the reaction center; namely the darker blue the closer the sugar ( Figure 7B ). When the phenyl of enyne 6 is replaced by a less hindered methyl in enyne 5, the steric clash is less significant, and therefore the ee values are smaller. When looking at b-CD derivatives, the CD can be simplified as a heptagon with seven triangles, shaded in the same manner ( Figure 7D ). This time, on one side of the groove delineated by the light blue triangles, two dark blue triangles indicate the presence of the steep wall; the enyne can therefore not fold on this side. Two approaches are therefore possible as shown in Figures 7C  and 7D ; the one inducing the less steric clashes (on the left) produces the correct stereoisomer. We then confronted these simplified and static models with DFT calculations (B3LYP-D3/def2-SV(P)), optimizing all the proposed conformations. Our calculations found that the conformer leading to (+)-(R,R)-8 is more energetically favored by 3.68 kcal mol À1 for the a-ICyD and by 4.08 kcal mol À1 for the b-ICyD (see Figure S21 ), which is in line with the experimental results. Finally, the very different behavior of both (g-AE-ICyD)AuCl and (a-TriCyD)AuCl in terms of stereoselectivities also underlines the critical role of their shapes, which differ visually from the others.
Conclusion
We have synthesized a family of 17 carbene-capped CD metal complexes that present an original set of interactions, including numerous anagostic interactions, together with weak hydrogen bonds. The ensemble of those two interactions allowed the mapping of the interior of the cavity and modeling of its shape for each complex. We showed that the precise positioning of a carbene cap on CDs led to a series of metallo-pockets of varied shape. Cavity modulation was found to be rather drastic, because the structures ranged from symmetrical to propellerlike. Compounds were then used as catalysts in cycloisomerization reactions. The size and shape of the cavity induced cavity-dependent selectivities. A spectacular difference between the a-and b-CDs appeared in the different regioselectivities that were observed in a cycloisomerization yielding 5-or 6-membered rings. Enantioselectivities in a family of cycloisomerizations can reach 80% ee. We propose a rationalization of these results based on the topography of a-and b-ICyDs. More generally, using modulation of the cavity and molecular modeling to reveal the shape variation, we have been able to understand some aspects of the reactivity of carbene-capped CDs, highlighting their potential as tunable chiral metallopockets. Many aspects of these fascinating molecules should be further explored to precisely control their properties. We surmise that CD-NHC-metal complexes have many assets to promote new applications in all aspects of selectivity in catalysis, in particular on site-selective catalysis.
EXPERIMENTAL PROCEDURES
Full experimental procedures are provided in the Supplemental Information.
ACCESSION NUMBERS
The accession number for compound (+)-8 reported in this paper is CCDC: 1523722. 
SUPPLEMENTAL INFORMATION

